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Doubly-Fed Induction Generator based Wind Power
Plant Models
Keith Joseph Faria, M.S.E.
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Supervisor: Surya Santoso
This thesis describes the generic modeling of a Doubly-Fed Induction
Generator (DFIG) based wind turbine. The model can also represent a wind
plant with a group of similar wind turbines lumped together. The model is
represented as a controlled current source which injects the current needed by
the grid to supply the demanded real and reactive power. The DFIG theory is
explained in detail as is the rationale for representing it by a regulated current
source. The complete model is then developed in the time-domain and phasor-
domain by the interconnection of various sub-systems, the functions of which
have been described in detail. The performance of the model is then tested
for steady-state and dynamic operation. The model developed can be used for
bulk power system studies and transient stability analysis of the transmission
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Wind energy has become the need of the hour to solve the energy crisis
faced by the world today. The continual upgrading of wind turbine technology
is essential to the future development of wind power. The interconnecting
of large-scale wind power plants into the bulk power system has become an
important and critical issue and requires steady-state and dynamic transient
models of the wind power plant along with its collector system.
The simulation models needed to perform the interconnection studies
are usually developed and supplied by the wind turbine manufacturers. Each
manufacturer model is based on its own particular wind turbine design and
technology and are usually proprietary. Such models can be used directly
in power system studies as they are accurate and very detailed. however,
non-disclosure agreements restrict the use of these models only to specific
wind power projects. This limits model sharing and collaboration among wind
project operators. Fortunately, there are efforts underway to resolve this issue.
Although wind turbine designs and technologies vary from one manu-
facturer to another, there exist common underlying fundamental concepts and
principles. Generic models have been developed based on these fundamental
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principles to emulate the operational behavior and response to wind and grid
events. According to mandatory NERC standards (MOD 012, 013 and 014),
acceptable dynamic models must be available to reliability entities for power
system planning. Acceptable models are ones that are validated, standard
library and non-proprietary. The Wind Generator Modeling Group of the
Western Electricity Coordinating Council is working with the National Re-
newable Energy Laboratory and wind turbine manufacturers to develop such
generic steady-state and dynamic stability models. This shall help to bridge
the gap between the turbine manufacturers and system planners.
There are four major types wind turbine generators topologies called
Type 1, 2, 3 and 4 respectively. Type 1 consists of a squirrel-cage induction
generator coupled directly to the grid. The Type 2 consists of a wound-rotor
induction generator whose rotor winding is connected to an external resis-
tance. This resistance is changed electronically causing variable slip and thus
dynamically changing the torque-speed characteristics. Type 3 consists of a
doubly fed induction generator (DFIG), which is a wound rotor induction ma-
chine with a power electronic converter connected between the rotor terminals
and grid. This converter decouples the torque and flux which provides quick
separate active and reactive power control. The stator winding is connected
directly to the grid. This is also referred to as the partial conversion topol-
ogy as only part of the generator power flows through the converter. Type
4, called the full conversion topology, has the power converter on the stator
and thus has all the power flowing through it. Here too, real and reactive
2
power can be independently controlled over various speeds. A synchronous
or induction generator may be used in the Type 4 topology. For each of the
above topologies, generic models are being developed.
This thesis documents the modeling of a Type 3 generator (DFIG) uti-
lized for wind power generation. The various components of the wind turbine
generator are modeled separately and then combined to make the complete
model. These include the generator, the rotor-side converter, the drive-train
of the turbine-generator shaft and the aerodynamic representation of the tur-
bine blades. The response of the wind farm is modeled as a single equivalent
regulated current source. The rating of this source can be tailored to the power
requirement of the model. It can represent outputs of models ranging from a
single turbine upto an entire wind farm. The real and reactive power delivered
by the generator can be independently controlled by injecting a required set of
three-phase currents into the grid using the converter model. The performance
of the generic DFIG model is then evaluated and validated with wind power
data collected from actual wind power plants having DFIG turbines.
The structure of the thesis is as follows. The concepts explaining the
operation and control of DFIG turbines are described in Chapter 2. The
dynamic machine model for the generator is discussed here, as is the vector
control method for decoupling the real and reactive power control. The strat-
egy of using a single equivalent regulated current source to model the entire
wind power plant is also justified. A detailed description of the complete
time-domain DFIG wind plant model and the sub-models developed to build
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it are included. The performance of the developed DFIG wind power plant
model is dealt with in Chapter 3. Aspects of performance like the wind power
curve, steady-state performance, and quasi-steady-state performance during
wind speed changes are examined here. Validation of the simulation results
using analytical methods is also introduced. Chapter 4 describes the valida-
tion process of the simulation model during dynamic conditions with actual
data from real-world wind farms. Additional considerations for the model-
ing process, such as the inclusion of the collector system in the model, are
discussed in this chapter. The model is validated for steady-state and fault
conditions. Chapter 5 considers a single-phase phasor-domain model of the
DFIG wind plant. The differences between this model and the time-domain
model are discussed. Similar performance tests are applied to the model and
its behavior is observed during dynamic conditions.
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Chapter 2
Modeling of Doubly-Fed Induction Generator
Wind Turbines
This chapter is an expansion of the work done for NREL in [1]. It also
draws material from [2]. The lead for this part of the project was taken by
Mohit Singh.
Section 2.1 describes the concepts underlying the operation of DFIG
turbines and their control mechanisms. The dynamic machine model for the
generator is discussed in this section, as is the vector control method for de-
coupling the real and reactive power control. The modeling strategy of using
a single equivalent regulated current source to model the entire wind plant
is discussed in Section 2.2. The developed DFIG wind plant model and its
sub-models are described in detail in Section 2.3.
2.1 Concepts of Doubly-Fed Induction Generators
In electrical engineering, a rotating machine that converts mechanical
power to electrical power is defined as a generator. There are mainly 2 kinds
of rotating electrical machines, synchronous and asynchronous. Synchronous
machines or alternators operate only at the synchronous speed of the electri-
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cal system to which they are connected. Asynchronous or induction machines
always operate at speeds above or below the synchronous speed of the system.
In this thesis only the induction machine is discussed. To act as generators, in-
duction machines have to be operated at speeds greater than their synchronous
speeds. Doubly-Fed Induction Generators or DFIGs have the same physical
structure as conventional wound-rotor induction machines. The only differ-
ence is that there are additional power electronic circuits externally on the
rotor windings.
For modeling purposes, the main components of a wind turbine are the
turbine rotor (prime mover), a shaft and gear-box unit (drive-train and speed
changer), an electric generator and a control system [3]. As wind turbine tech-
nology has progressed, turbines have been getting larger in diameter to sweep
larger areas and thus achieve higher power ratings. This requires longer rotor
blades. The longer the blades, the slower should be the angular speed so that
the blade linear tip speed does not exceed the speed of sound and thus physi-
clly damage the turbine. On the other hand, the electrical generator attached
to the turbine requires much higher shaft speeds to operate. Therefore, the
turbine blades and hub assembly are connected to the generator shaft through
a gearbox which steps up the angular speed and interfaces with the induction
generator. Figure 2.1 shows a schematic representation of a typical DFIG wind
turbine system.
In DFIG wind turbines, the electrical generator is a wound-rotor in-
duction machine. Slip-rings and brushes are usually used to access the rotor
6
Figure 2.1: Schematic of a Doubly-Fed Induction Generator (DFIG)
circuit, though brushless machines are also available. Unlike a conventional
squirrel cage induction machine which is singly-excited, the stator and rotor
windings of a DFIG are independently excited. The three-phase stator wind-
ing is fed directly from the three-phase supply voltage which is typically below
1 kV at the power system frequency (50/60 Hz). A back-to-back AC-DC-AC
power electronic converter is used to rectify the supply voltage and convert it
to three-phase AC at the desired frequency for rotor excitation. These circuits
help extract and regulate mechanical power from the available wind resource
better than would be possible with conventional induction generators. Only
a small portion of the real power flows through the rotor circuit. Thus, the
rating of the converter need only be about 20% of the rated turbine output
[4]. To extract the maximum possible power from the wind, a control system
is employed to regulate the rotor frequency (and thus the voltages and cur-
rents in the rotor). The control methods employed are vector control or field
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oriented control and direct torque control (DTC). This thesis concentrates on
vector control as it is currently the predominant control method. Vector con-
trol allows decoupling of grid-injected direct and quadrature axis currents, i.e.
reactive power can be independently controlled without affecting the active
power output and vice versa.
Although DFIG wind turbines are generally more complex and expen-
sive than wind turbines employing uncontrolled squirrel-cage induction gener-
ators or rotor-resistance controlled wound-rotor machines, they have certain
advantages:
• independent real and reactive power control is possible,
• wide generator shaft speed range of up to 20% above and below rated
speed for which generation can take place without slip losses,
• maximized power extraction,
• improved fault ride-through performance, and
• reduced mechanical stress.
DFIGs have some advantages over full-converter machines (Type 4) as
well. Full-converter machines use an AC-DC-AC convertor for the stator. This
causes the converter to be rated for the entire output power of the generator,
thus increasing the cost relative to DFIGs. Also, having a convertor on the
stator implies that the machine is decoupled from the grid entirely and thus
8
does not provide any additional inertia to the power system. DFIGs, on the
other hand, do provide additional inertia and help improve the grid’s fault
ride-through capability.
The electrical dynamic performance of the DFIG at the fundamental
frequency is dominated by the converter [5]. The conventional aspects of gen-
erator performance related to internal angle, excitation voltage and synchro-
nism are relevant only in the case of synchronous machines. These are thus
not relevant in the case of the DFIG, as it is an induction machine. Since the
rotor rotates faster than the rotating magnetic field set up by the stator, the
internal angle changes continuously. The excitation voltage fed to the rotor is
determined by the control system for the desired values of real and reactive
power. The electrical behavior of the generator and converter in the DFIG is
largely like that of a current-regulated voltage source inverter, which may be
simplified for modeling purposes as being a regulated current source.
The behavior of the wound-rotor induction machine must be under-
stood in order to apply the vector control method to control real and reactive
power output of a DFIG. In Subsection 2.1.1, the winding arrangement, equiva-
lent circuit and principle of operation of a wound-rotor machine are described,
along with detailed equations. The equations show that in the stationary
abc reference frame, machine parameters such as inductance are time-varying.
To simplify the model, the equivalent circuit in the stationary abc reference
frame is transformed using the Park transform to the equivalent circuit in the
rotating qd0 reference frame. This makes the machine parameters such as in-
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ductance time-invariant [6]. In the qd0 reference frame, the q-axis and d-axis
are 90 degrees apart and are hence, decoupled. In Section 2.2, it is shown
that q-axis currents can be used to control real power and d-axis currents can
be used to control reactive power. This section also validates the simplified
representation of the power electronic converter and induction generator as a
regulated current source.
2.1.1 Dynamic Modeling Of Induction Machines
The winding arrangement of a conventional 2-pole, 3-phase, wye con-
nected symmetrical induction machine is shown in Figure 2.2 [6]. Here, the
winding of each phase is represented by an elementary coil. One side of the
coil is represented by a
⊗
indicating that the assumed positive direction of
current is down the length of the stator (into the paper). The other side of
the same coil is represented by a
⊙
which indicates that the assumed positive
direction of current is out of the paper. The axes as, bs and cs represent the
positive directions of the magnetic fields produced due to the currents flowing
in the stator windings of phase a, b and c respectively. These directions are
obtained using the right hand rule on the phase windings. Together they form
the stationary abc reference frame. Similarly axes ar, br and cr with respect
to the rotor windings are shown. These rotor axes are fixed to the rotor and
rotate with it at an angular velocity of ωr. The angular displacement along
the stator circumference is given by φs. The angular displacement of the rotor



















































Figure 2.2: Schematic winding diagram and an equivalent circuit of a two-pole,
3-phase, wye-connected symmetrical induction machine
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For the machine shown in Figure 2.2, the stator windings are identical
and simplified with equivalent turns Ns and resistance rs. The rotor windings
have also been approximated as identical simplified windings with equivalent
turns Nr and resistance rr. Both Ns and Nr are the equivalent number of
turns of sinusoidally distributed windings which would give rise to the same
fundamental components as their actual respective winding distributions. The
windings are thus assumed to be sinusoidally distributed.
The equations for various parameters of the machine shall be derived
below. The parameters will be derived with respect to winding as. Similar




shall give the parameters
for windings bs and cs respectively. Exactly the same calculations can be
carried out for the rotor windings as well.













is the maximum turn or conductor density expressed in turns per
radian.
The magnetomotive force or MMF is defined to be the line integral
of the magnetic field intensity H. This along with Ampere’s law applied to




· ias · cos φs (2.2)
where ias is the current in the as winding. The air-gap length is uniform with
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a value g. This along with the definition of MMF for winding as gives
MMFas(φs) = g · Has(φs) (2.3)
Note that the values of MMF and H depend on the displacement along the
stator circumference.
Now, the air-gap flux density due to ias with all other currents zero can
be expressed using Eqns. 2.3 and 2.2 as







µ0 · ias · cos φs
g
(2.4)
where µ0 is the permeability of free space.
To calculate the self-inductance of winding as, the flux linking it due
to its own current ias must be determined. Consider a single turn of the
stator winding located at an angle φs. It spans π radians and has flux linkages





Br(σ, θr) · r · l dσ (2.5)
where,
- l is the axial length of the air gap,
- r is the radius to the mean of the air gap, and
- σ is the dummy variable of integration.
To get the flux linkages for the entire winding, the flux linked by each
turn must be integrated over all coil sides carrying current in the same direc-
tion. The flux linkages due to stator leakage because of current ias must also
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be included in the equation. Thus total flux linkages of winding as only due
to current ias is given by
λasas = Lls · ias +
∫
Nas(φs) · Φ(φs, θr) dφ (2.6)
where Lls is the stator leakage inductance mainly due to leakage flux at the
end turns.
Equation 2.6 can be solved by substituting in Eqns. 2.1 and 2.5 to give






π · µ0 · r · l
g
· ias (2.7)
The self inductance Lasas of winding as is now obtained by dividing both sides
of Eqn. 2.7 by ias as inductance is equal to flux linkages divided by current.
Thus






π · µ0 · r · l
g
(2.8)
The second term on the right-hand side of Eqn. 2.8 is defined to be the stator







π · µ0 · r · l
g
(2.9)
Also, note that by the symmetry of Eqn. 2.8, the self inductances of all the
three windings are equal. Therefore,
Lasas = Lbsbs = Lcscs = Lls + Lms (2.10)
To find the mutual inductance between the as and bs windings, the
flux linking winding as due to the current ibs flowing only in winding bs must
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be determined. This is given by
λasbs =
∫
Nas(φs) · Φ(φs, θr) dφ (2.11)
Note that the magnetic coupling at the end turns of the windings are neglected.
Here the integration over φs is carried out from π to 2π which causes a negative







π · µ0 · r · l
2 · g
· ibs (2.12)
The mutual inductance between windings as and bs are obtained by dividing







π · µ0 · r · l
2 · g
(2.13)
Once again by the symmetry of Eqn. 2.13, we see that the mutual inductances
between all the three windings are equal. Substituting Eqn. 2.9 we get




Parallel calculations are done for the rotor windings. First, the air
gap flux density due to the individual rotor currents is found. This is then
integrated over a single turn to get the flux linkages of the single turn. These
flux linkages are then in turn integrated over all the coil sides carrying current
in the same direction to give the total flux linkages. Here too, after dividing
by the current it is found that all the self inductances equal and given by
Larar = Lbrbr = Lcrcr = Llr + Lmr (2.15)
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π · µ0 · r · l
g
(2.16)
Similarly, all the rotor mutual inductances are equal and are given by




The mutual inductance between the stator and the rotor windings is a
little more tricky. The air gap flux density due to the rotor current is double
integrated over the stator displacement to give the mutual flux linkages. This
divided by current then gives the mutual inductance between the stator and
rotor. The following equalities are obtained











π · µ0 · r · l
g
·cos θr = Lsr ·cos θr (2.18)

































Now, the total flux linkages for winding as is given by Eqn. 2.22. The
total flux linkages for all the other stator and rotor windings are similar.
λas = Lasas · ias +Lasbs · ibs +Lascs · ics +Lasar · iar +Lasbr · ibr +Lascr · icr (2.22)
From Figure 2.2(b) the voltage equation for the rotor winding ar is
given by:




The voltage equations for rotor windings br and cr are similar. The quantities
in these rotor equations are then referred to the stator and rewritten (refer to
Appendix A).
Thus, in the stationary abc reference frame, the relationships between
voltages, currents and flux linkages of each phase for this machine can be
written using Figure 2.2(b). They are as follows:
Stator Voltage Equations:



















































-λ stands for the flux linkage,
-Subscripts s and r stand for variables and parameters associated with the
stator and rotor respectively, and
-Apostrophe (′) stands for variables and parameters referred to the stator side.
Rewriting the stator and rotor voltage equations in a compact matrix
form yields:
[Vabcs] = rs · [iabcs] + p · [λabcs] (2.30)




abcr] + p · [λ
′
abcr] (2.31)
where p stands for a time-derivative operator.
The flux linkages in Eqs. 2.30 and 2.31 are expressed as (refer to Ap-
pendix A):


































































































In Eqn. 2.35, L′lr is the leakage inductance of the rotor windings referred to
the stator. Also, note that Eqn. 2.36 depends on the angular displacement of
the rotor θr which in turn depends on the angular speed of the rotor ωr. Thus
the inductances in the matrix [L′sr] are all time-variant.
Combining Eqs. 2.30 through 2.33, we get









· [iabcs] + ([r
′





The voltages, currents and inductances in Eqns. 2.37 and 2.38 are
derived in the stationary abc reference frame and are thus, time-variant. Mod-
eling and analysis for such a system is unnecessarily cumbersome. These time-
variant quantities can be made time-invariant by transforming them into an
appropriate rotating reference frame, in this case, the qd0 reference frame ro-
tating at an angular speed determined by the synchronous angular speed of
the system. By performing the Park transform (refer to Appendix B) on each
quantity in Eqns. 2.37 and 2.38, they become,
[Vqd0s] = rs · [iqd0s] + ωqd0 · [λdqs] + p · [λqd0s] (2.39)




qd0r] + (ωqd0 − ωr) · [λ
′





- ωqd0 is the angular speed in rad/s of the qd0 reference frame which is equal
to the synchronous speed, and
- ωr is the angular speed in rad/s of the rotor frame.
Here, the factor (ωqd0 − ωr) is the slip-speed of the machine. This
factor comes into play due to the fact that the steady-state variables in the
asynchronously rotating the rotor frame vary at the frequency corresponding
to the slip-speed. Equations 2.39 and 2.40 can be written explicitly as follows.
Stator Voltage Equations:
Vqs = rs · iqs + ωqd0 · λds + p · λqs (2.41)
Vds = rs · ids + ωqd0 · λqs + p · λds (2.42)
V0s = rs · i0s + p · λ0s (2.43)
Rotor Voltage Equations:




qr + (ωqd0 − ωr) · λ
′
dr + p · λ
′
qr (2.44)




dr + (ωqd0 − ωr) · λ
′
qr + p · λ
′
dr (2.45)




0r + p · λ
′
0r (2.46)
Likewise, the flux linkages in the rotating qd0 frame are given by:
Stator Flux Equations:




λds = (Lls + LM) · ids + LM · i
′
dr (2.48)
λ0s = Lls · i0s (2.49)
Rotor Flux Equations:
λ′qr = LM · iqs + (L
′
lr + LM) · i
′
qr (2.50)
λ′dr = LM · ids + (L
′













Eqs. 2.41 through 2.53 convert the circuit in Figure 2.2(b) to the fol-
lowing equivalent circuits shown in Figure 2.3.
The electromagnetic torque developed in the rotor winding corresponds








· (λds · iqs − λqs · ids) [Nm] (2.54)
where P is the number of poles of the machine
This shows that the electromagnetic torque can be expressed in terms

























Figure 2.3: Equivalent circuits for a 3-phase, symmetrical induction machine
in the qd0 reference frame
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2.2 Modeling Approach: Regulated Current Source
The primary aim of the model to be designed is that is should be suit-
ably generic. The ultimate purpose of the model is for load flow and dynamic
stability studies. Thus, a highly detailed representation of the machine and
converter is not necessary. The characteristic property of a DFIG control sys-
tem is to independently control the real and reactive power. This allows the
use of a regulated current source in the dynamic model to represent the induc-
tion generator and power electronics. This section presents the analysis behind
the approximations of using a regulated current source representation instead
of explicitly modeling the generator and power electronics. A simplified model
of the device dynamics is adequate. The mechanical modeling of the system
has also been considerably simplified, by representing the numerous rotating
masses (turbine, gearbox, generator shaft etc.) with a one-mass model.
Let the wound rotor induction machine be represented in a synchronously
rotating qd0 reference frame as described above in Section 2.1.1. The currents
flowing in the stator are assumed to be balanced. These currents produce a
resultant stator magnetic field which has a constant magnitude and is rotating
at synchronous speed (refer to Appendix B). Since the angular speeds of the
stator magnetic field and the qd0 rotating frame are identical, the vector of
the stator magnetic field is fixed with respect to the q- and d-axes of the qd0
rotating frame. Let the d-axis of the reference frame be oriented in such a way
that it aligns with the vector of the stator magnetic field. Figure 2.4 illustrates
the orientation and alignment of the stationary abc frame, the qd0 frame, and
23













Figure 2.4: The vector sum of the stator fluxes in an induction machine. The
d-axis of a synchronously rotating qd0 frame is aligned with the total stator
magnetic field.
Because of the alignment, it is obvious that
λqs = 0, and (2.55)
λds = λs,total (2.56)
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Substituting Eqs. 2.55 and 2.56 into Eqs. 2.41 and 2.42, and assuming
the winding resistive element rs is negligible, the following relationships are
obtained:
Vqs = ωqd0 · λds = ωqd0 · λs,total = constant (2.57)
Vds = 0 (2.58)
Equations 2.57 and 2.58 suggest that the speed voltage (Vqs) is time-invariant,
and the voltage across the stator d-axis is negligible. Using the stator and









Similarly, the stator d-axis current is
ids =
(






Inductance and flux quantities in Eqs. 2.59 and 2.60 are time-invariant,
thus the stator q- and d-axis currents can be controlled by adjusting the rotor
q- and d-axis currents respectively.








(Vds · iqs − Vqs · ids) (2.62)
Since the stator d-axis voltage is zero as derived in Eqn. 2.58, Eqns. 2.61 and









(Vqs · ids) (2.64)
Therefore, the real and reactive power can be controlled by adjusting the stator
q- and d-axis currents respectively. Substituting Eqns. 2.59 and 2.60 here, the
















· (λds − LM · i
′
dr) (2.66)
It is important to note that in the synchronously rotating reference frame,
ωqd0, λds, LM , and Lls quantities are time invariant. Thus, Eqs. 2.65 and 2.66
can be further simplified as follows:
Ps = kps · i
′
qr (2.67)
Qs = −kqs1 + kqs2 · i
′
dr (2.68)
where kps, kqs2, and kqs2 are the respective constants for the stator real and
reactive power. Equations 2.67 and 2.68 clearly show that the stator real
and reactive power can be independently controlled by the rotor q- and d-axis
currents respectively.
Thus, the desired real power and reactive power output of a DFIG can
be realized by the generating the appropriate rotor q- and d-axis currents. Let





dr . These rotor reference currents can be generated by proportional























Figure 2.5: Rotor reference currents are generated using proportional integral
controllers based on the difference between the measured and desired quanti-
ties.
power quantities. Figure 2.5 illustrates how the reference rotor q- and d-axis
currents are generated in the model that is to be developed.
Once these reference currents are obtained, they are transformed back
to the stationary abc frame. To summarize, the instantaneous abc reference
current waveforms are obtained from the rotor’s q- and d-axis reference cur-
rents through the inverse Park transformation and are fed into the three-phase
controlled current source. An alternative two-step inverse transformation can
be utilized as well, i.e. first from the synchronously rotating qd0 frame to the
stationary αβ frame transformation, and second from the stationary αβ frame
to the stationary abc frame (the inverse Clarke transformation [7]). Figure 2.6
illustrates the two-stage inverse transformation. This method is used in the































Figure 2.6: Rotor reference currents in the qd0 frame are transformed into
three-phase currents in the abc stationary frame.
These instantaneous reference currents in the abc stationary frame are
then used as inputs to a controlled current source block in the wind power
plant model. The generator and converter have successfully been modeled
using a regulated current source.
2.3 DFIG-Based Wind Turbine Dynamic Model
In an actual wind power plant, a local grid called the collector system
collects the output from each wind turbine into a single point of interconnection
on the grid. As a wind power plant is usually made up of several identical
machines, it is a reasonable approximation to parallel all the turbines into
a single equivalent large turbine behind a single equivalent impedance. The
single equivalent wind turbine has a rated power rating equal to the combined
rated power ratings of all wind turbines in the farm. The single equivalent
impedance is the combined impedance of the cables of the collector system and
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all the turbine step-up transformers. The model developed here is consistent
with this “paralleling” approach. However, there are a few limitations to the
modeling process that are caused by this approach. Electrical disturbances
within the collector system and underground cables interconnecting individual
wind turbines cannot be analyzed. Also, there is a potentially significant
variation in the equivalent impedance for the connection to each wind turbine.
The single machine equivalent assumes that all the machines generate the
same power output at the same time. This implies the assumption that the
geographic dispersion of the farm is small enough that the wind speed profile
over it is uniform; which may not be the case in real life.
The model developed is a simplified generic model intended for bulk
power system studies where a detailed representation of a wind turbine gen-
erator is not required. The model can be used for positive sequence phasor-
domain simulations e.g. PSLF or PSS/E. It is intended for transient stability
analysis of grid disturbances. The actual device dynamics have been greatly
simplified [8]. To be specific, the very fast dynamics involved with the control
of the generator-converter have been modeled as algebraic approximations of
their response. This makes the generator-converter dynamics instantaneous
as compared to a delayed operation in real life. Simplified turbine mechanical
controls along with its blade aerodynamic characteristics are included in the
model.
This section presents the engineering assumptions, detailed structure
and data for each of the component models necessary to represent a DFIG-
29
based wind turbine.
2.3.1 Elements of a Generic DFIG-Based Wind Turbine Model
The generic dynamic model of a Type 3 wind turbine is represented
by a combination of blocks based on the functionality of a typical DFIG tur-
bine. These functionalities include the independent control of real (torque)
and reactive power, and the control of generator speed and blade pitch angles.
The dynamic model developed herein is thus divided into four sub-systems to
emulate these functions. They are summarized as follows:
1. Generator sub-system: The generator is represented by a regulated
current source described in Section 2.2 above. It injects proportional
three-phase currents into the power system in response to the control
commands from the Converter Control sub-system.
2. Converter Control sub-system: This sub-system consists of the Re-
active Power Control and Real Power Control sub-systems. These sub-
systems emulate power electronics controllers in regulating real and re-
active power.
3. Wind Turbine sub-system: It is represented by a single-mass model
and used to determine the mechanical input power and the angular speed
of the wind turbine based on the wind speed and specified pitch angle.
4. Pitch Control sub-system: The primary function of the pitch con-
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Figure 2.7: Dynamic model structure of a DFIG-based wind turbine
angular speed and real power requirement.
The interaction between the device models is illustrated in Figure 2.7.
2.3.2 Generator Model
The wound rotor induction model is represented with a current regu-
lated source as described in Section 2.2. It emulates the functionality of an
actual DFIG wind turbine in controlling real and reactive power independently.
The implementation of the current-regulated source is described below.












Figure 2.8: Current-regulated source implemented in a time-domain simulation
platform.
interconnected to the power system grid at node V T . A multi-meter that
measures real power, reactive power and rms voltage during the simulation
runtime is shown in the diagram. Additionally, three phase-voltage measure-
ments indicated as V sA, V sB, and V sC are also taken. They represent stator
terminal voltages.
To align the d-axis of a synchronous rotating frame of reference to the
stator magnetic flux, the instantaneous angular position of the stator magnetic
flux must be precisely known. The angular position is determined using the
instantaneous three-phase stator voltages (V sA, V sB, and V sC). The process
is described below and illustrated in Figure 2.9.
The instantaneous stator voltages V sA, V sB, and V sC (Figure 2.8) are


































Figure 2.9: The stator flux magnitude and the instantaneous angular position
are determined using the Clarke transform.
V alpha and V beta. These voltages are smoothed with filters to remove any
voltage transient that might be present. In the model, the Clarke Transform
block is defined by 2
3
· [Tabc2αβ0] (refer to Appendix B) for scaling purposes.
The DFIG model is connected to a three-phase 34.5 kV system. The
system peak voltage is thus 28.18 kV. The instantaneous phase A voltage is
plotted in a bold line shown in Figure 2.10. The transformed voltage V alpha
is identical to V sA because of scaling. The transformed voltage V beta lags
V alpha by 90◦. These results are as expected.
The magnetic fluxes associated with V alpha and V beta are Flux Alpha
and Flux Beta respectively (see Figure 2.9). They are obtained by integrating
V alpha and V beta to become Flux Alpha and Flux Beta respectively, since
the electromotive force (voltage) is proportional to the time rate of change of
the flux. Note that Flux Alpha and Flux Beta quantities are time varying.
The total magnitude and its instantaneous angular position are
magF lux =
√
Flux Alpha2 + Flux Beta2 (2.69)



















Figure 2.10: Instantaneous phase A voltage waveform and transformed voltage
V alpha and V beta in the αβ domain
The magnitude of the stator flux for this particular case is time invariant at
74.7 Wb. The actual magnitude of the flux is for illustration only and not
important as it depends on a number of factors such as the stator resistance.
The instantaneous flux position varies linearly from −π to π as shown in
Figure 2.11.
With the position of the stator magnetic field precisely known, the d-
axis of a synchronous rotating reference can be oriented properly. A block
is used to transform quantities from the stationary αβ frame to the rotating
qd0 frame. To check whether this block correctly aligns the d-axis with the
total flux, the flux and voltage components in the stationary αβ frame are
transferred to the rotating qd0 frame. The instantaneous angular position
used in the transformation is given in Eqn. 2.70. If the transformation block
34
















Figure 2.11: Instantaneous position of the stator magnetic flux
performs the alignment correctly, then the stator flux in the q- and d-axes
(Flux q and Flux d) should be zero and the time-invariant total magnetic
flux should be as obtained in Eqn. 2.69 (in this case 74.7 Wb). Similarly,
voltages in the q- and d-axes should be the peak system voltage and zero,
respectively. The simulation results confirm these expectations as illustrated
in Figures 2.12 and 2.13. Thus, the orientation of the rotating qd0 frame is
validated.
The three-phase reference currents in the stationary abc frame can now
be generated using reference currents in the qd0 frame, Iq cmd and Id cmd
specified by the Converter Control sub-system. A two-stage transformation is
used as illustrated in Figure 2.14. Desired currents Iq cmd and Id cmd in the























Figure 2.12: Fluxes in the qd0 frame. The simulation results confirm the syn-
chronously rotating frame is properly oriented as evidence by the magnitude

















Figure 2.13: Voltages in the qd0 frame. The simulation results confirm the
synchronously rotating frame is properly oriented as evidence by the voltage































Figure 2.14: Reference currents for the regulated current source are generated
using a two-stage transformation.
finally to the stationary abc frame to become Ira ref , Irb ref , and Irc ref .
These reference currents are injected to the grid through the current source
model shown in Figure 2.8.
2.3.3 Converter Control Model
This model controls the active and reactive power to be delivered to the
grid. The active and reactive power controls are independent of each other.
The parameters and power signals for the active and reactive power control
are per-unit of the specified MW capacity of the wind power plant.
Reactive Power Control Model
The reactive power control module generates the desired d-axis cur-
rent Id cmd for the Generator module. The desired d-axis current Id cmd is











1 + sT Id_cmd
Qmeasured






Figure 2.16: The calculation of the desired reactive power to achieve a constant
power factor at the generator terminals.
difference between the actual or measured reactive power (Qmeasured) and
the desired or reference reactive power (QgenRef) is used to drive the PI
controller.
There are three modes of reactive power control - constant power factor,
constant reactive power, and constant terminal voltage. The model described
in this thesis implements the first two control modes only. The constant power
factor control determines the reactive power (QPFdesired) required to achieve
the desired constant power factor (PFdesired) at the generator terminals.
This desired reactive power is given in Eqn. 2.71 and implemented as shown
in Figure 2.16. It is then supplied directly as QgenRef in Figure 2.15.
QPFdesired = −Pmeasured · tan(arccos(PFdesired)) (2.71)




0.0 0.08 0.16 0.2 0.4 0.6 0.74 0.87 1
Rotor
Speed (pu)
0.688 0.689 0.69 0.78 0.98 1.12 1.198 1.199 1.2
Table 2.1: Real Power vs. Rotor Speed
constant reactive power is supplied directly as QgenRef in Figure 2.15.
Real Power Control Model
This block controls the real or active power delivered to the grid. The
non-linear power-speed characteristic [8] shown in Figure 2.17 is used to model
the desired generator speed as a function of the power level. The input data
used for this function are values of the desired rotor speed at various levels of
generated power output, with linear interpolation used between the specified
values. All values are in per-unit. In the model, the per-unitized measured
real power is fed to this function. The obtained output is then the required
angular speed ωRef . The angular ωRef is then compared with the measured
ω and converted into the required Pord through a PI controller. This Pord is
compared with the measured real power P and fed through a PI controller to
give Iq cmd. The complete system is shown in Figure 2.18.
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Determine the reference active power













Figure 2.18: Active Power Control Model
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2.3.4 Wind Turbine Model
This model calculates the instantaneous shaft speed ω of the wind tur-
bine generator. For this purpose it uses data about the pitch angle, wind speed
and real power. Parameters and power signals are per-unit of the rated power
capacity specified for the model.
The wind turbine, the induction generator and all moving mechanical
parts have been lumped together into a single mass for simplification. The
rotor performance of a wind turbine is usually characterized by its power
coefficient Cp [9]. Cp is the fraction of the power available in the wind that
can be extracted by the rotor. A Cp curve is a graph of Cp versus wind
speed for a fixed blade pitch. A wind turbine thus has various Cp curves for
various pitch angles which characterize the given turbine. The model includes
a simplified aerodynamic model to estimate the Cp curve using the current and
initial pitch angles. Equation 2.72 below represents this aerodynamic model.
∆P = Kaero · θ · (θ − θ0) (2.72)
where
- ∆P is the incremental real power
- Kaero is the aerodynamic gain factor
- θ is the pitch angle of the turbine blades
- θ0 is the initial pitch angle
The aerodynamic gain factor Kaero has been given a default value of
0.007 determined from the analysis of one set of Cp curves [8]. The initial
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Equation 2.73 assumes that the blade pitch is 0◦ at the rated wind
speed and Theta2 degrees at twice rated wind speed. The value of Theta2
supplied is 26◦. Vwindpu is the velocity of the wind in per-unit of the rated
wind velocity (13 m/s). The maximum power extractable from the incident








- ρ is the density of the air
- A is the area swept by the turbine blades perpendicular to the incident wind
- Cp is the power coefficient of the wind turbine
- Vwind is the velocity of the incident wind





Equation 2.72 represents the amount of power that is to be subtracted from
the maximum power extractable from the wind to give the actual mechanical
power delivered by the wind turbine to the generator. For wind speeds below
rated, the Pitch Control Model (Section 2.3.5) generates a zero pitch angle.
This causes ∆P in Eq. 2.72 to become zero. Thus the entire power extractable
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from the wind is delivered as mechanical power to the generator. For wind
speeds above rated, the Pitch Control Model generates a negative pitch angle
and Eq. 2.73 gives a positive value of larger magnitude. These combine to give
a net positive value of ∆P to be subtracted from the maximum extractable
power from the wind. The positive value is controlled in such a way as to keep
the output of the generator at a constant set value (usually the rated MW
capacity) for wind speeds higher than rated speed (13 m/s).
Thus the Real Power vs Wind-Speed Curve obtained is as follows:
• Below rated wind speed :
Real Power generated in per-unit is Ppu = V
3
windpu
• Above rated wind speed :
Real Power generated in per-unit is Ppu = 1
Thus the power generated at wind speeds below rated is proportional to the
power available in the wind. This curve is shown below in Figure 2.19.
Equation 2.76 is used to find the instantaneous shaft speed ω [10]. In
transient stability studies, this is the fundamental equation that determines
rotor dynamics. The speed of the rotating stator magnetic field ωs, also called
the synchronous speed, is set to 2π60 = 377 rad/s. Note that ωs is the same
as ωqdo from Section 2.1.1.
































Figure 2.19: Real Power vs Wind Speed Curve
where
- H is the inertia constant or the stored kinetic energy in MJ at synchronous
speed over the machine rating in MVA
- δ is the operating power angle
We also use the relation:




The complete single-mass Wind Turbine Model formed by interconnecting the
various parts described above is shown in Figure 2.20.
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Cp curve estimation


















































































































Figure 2.21: Pitch Control Model
2.3.5 Pitch Control Model
This model ensures that for wind speeds lesser than the rated speed,
the pitch of the blades is kept at 0◦. Above the rated speed it keeps the pitch
at a fixed value. The variable Pset fixes the percentage of the rated MW
capacity that is required to be generated by the wind farm. It is usually kept
fixed at 1 pu. The values of the constants and limits are very important in
this block to ensure that the pitch remains zero at lesser wind speeds. The
pitch output is very sensitive to changes in these values. The pitch depends
therefore on both the instantaneous wind turbine generator speed as well as




In summary, the underlying principles behind DFIGs have been ex-
plained, the modeling approach has been elaborated and the time-domain
wind plant model developed using this approach has been described in detail
in this chapter. The next two chapters describe the performance of this model
and its validation using real-world data.
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Chapter 3
Performance of Doubly-Fed Induction
Generator Wind Turbines
This chapter is part of the report prepared for NREL [1]. Mohit Singh
took the lead for this part of the project.
The development of the DFIG wind power plant model in the time-
domain, henceforth to be called the “time-domain model”, described in the
previous chapter required individual testing of each sub-model. This testing
was carried out in detail and each sub-model was observed to operate as ex-
pected. The sub-models were then assembled into the complete time-domain
model. The performance of this complete time-domain model under steady-
state and quasi-steady-state conditions was studied. Quasi-steady-state con-
ditions imply a changing reactive power demand and/or wind speed, but no
short-circuit conditions on the system. To perform this testing, the time-












Figure 3.1: Time-domain wind plant model connected to ideal voltage source
3.1 Method of Computing Real and Reactive Power in
the qd0 Frame and its Validation
For the purpose of calculating the real and reactive power flow out
of the time-domain model into the infinite bus, the three-phase voltage and
current data available at the model terminals are extracted and processed
using a script developed in MATLAB. Here, they are transformed to the qd0-
domain and then the power equations in the qd0 frame of reference described
in Section 2.2 are employed. These real and reactive power calculations in the
qd0-domain are first validated by comparing the results obtained with those
from calculations in the steady-state phasor-domain.
For the comparison process we run the time-domain model with pa-
rameter values shown in Table 3.1. The current data is then extracted from
the model upon simulation and used for the power calculations.
• Vsource is the fixed voltage of the ideal three-phase voltage source (in-
finite bus) connected to the time-domain DFIG wind plant model.
• Prated is the rated capacity of the wind plant in MW. This is the real
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Vsource Prated QgenRef Wind Speed
(kVrms LL) (MW) (Mvar) (m/s)
138 204 20 13 (rated)
Table 3.1: Parameter values for time-domain model to compare real and reac-
tive power calculations between phasor and qd0 domains
power that the wind plant is expected to supply to the infinite bus at
rated wind speed.
• QgenRef is the reactive power demanded from the wind plant i.e. it
is the reactive power that the wind plant is expected to supply to the
infinite bus.
• Wind Speed is the velocity of incident wind. The rated wind speed for
the time-domain model is 13 m/s (see Section 3.1.3 for a more detailed
discussion on the rated wind speed).
Note that since both real power and reactive power are flowing from
the wind plant to the infinite bus, the signs of both will be the same (positive).
The phasor-domain calculations and the qd0-domain calculations for real and
reactive power are discussed in Sections 3.1.1 and 3.1.2 respectively.
3.1.1 Calculations in the Phasor-Domain
Instantaneous three-phase voltage and current waveforms are extracted
from the infinite bus connected to the time-domain wind plant model. Per-
phase real and reactive power is computed in the phasor-domain. The total
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three-phase power is the sum of the individual per-phase powers. Figures 3.2,
3.3 and 3.4 show normalized voltage and current waveforms for each phase.
The voltage and current waveforms are shown in per-unit of their rated values
for easy comparison. The RMS values of voltage and current were determined
by finding the peak values of the waveforms and dividing by the square root of




Vrms = 79.67 kV
Irms = 857.52 A
Vphase − Iphase = +5.59
◦
This gives us:
Real Power = Vrms · Irms · cos(Vphase − Iphase) = 68 MW (3.1)
Reactive Power = Vrms · Irms · sin(Vphase − Iphase) = 6.66 Mvar (3.2)
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Figure 3.2: Phase A per-unit voltage and current
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Figure 3.3: Phase B per-unit voltage and current
Phase B Calculations:
Here,
Vrms = 79.67 kV
Irms = 857.51 A
Vphase − Iphase = +5.585 ◦
Real Power = 67.99 MW
Reactive Power = 6.65 Mvar
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Figure 3.4: Phase C per-unit voltage and current
Phase C Calculations:
Here,
Vrms = 79.65 kV
Irms = 857.31 A
Vphase − Iphase = +5.58 ◦
Real Power = 67.96 MW
Reactive Power = 6.64 Mvar
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Thus, the total three-phase complex power supplied to the grid is given
by:
Total Real Power = 68 + 67.99 + 67.96 = 203.95 MW
Total Reactive Power = 6.66 + 6.65 + 6.64 = 19.95 Mvar (3.3)
The real and reactive power outputs from this calculation match the ref-
erence (desired) control parameters inputted from Table 3.1. The calculations
in the qd0 domain are verified in the next subsection and the real and reactive
power results are shown to be identical to the results from the phasor-domain
calculations.
3.1.2 Calculations in the qd0 Reference Frame Domain
The following calculations are carried out in MATLAB. The voltage
Vabcs and current Iabcs extracted from the time-domain model are converted
from values in the stationary abc frame to equivalent values in the rotating qd0
reference frame. This is done using the Park Transform shown below (refer to


























where θq is the angle measured from the positive stationary a-axis to the
rotating q-axis.









· [Tabc2qd0] · [Iabcs] (3.6)
The real and reactive power in the stator are calculated using Eqns. 2.61 and








(Vds · iqs − Vqs · ids) (2.62)
The results obtained for real and reactive power are:
Total Real Power = 204 MW (3.7)
Total Reactive Power = 19.99 Mvar (3.8)
Thus, the error between the phasor-domain and qd0-domain calculation meth-
ods is less than 0.2%. This validates the use of the power calculation method
using the qd0 reference frame.
3.1.3 Wind Power Curve
The rated wind speed of the turbines used in the wind plant is fixed
at 13 m/s. This means that when the wind-speed is 13 m/s, the wind plant
generates the rated real power (204 MW). The cut-in speed for the turbines
is set at 6 m/s. This is the minimum speed required for the wind turbine to
start generating power. The wind turbine cut-out speed is 20 m/s. This is the
speed above which damage can occur to the turbine and hence when the wind
speed is above cut-out, the turbine is shut down by the application of brakes.
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Wind Speed Range Real Power Generated by Turbine
Below cut-in speed Zero output power
Between cut-in and rated speeds Power generated is maximum ex-
tractable from the wind (refer to Sec-
tion 2.3.4)
Between rated and cut-out speeds Power generated is the rated output of
the wind plant (refer to Section 2.3.4)
Above cut-out speed Zero output power
Table 3.2: Real power output for various wind speed ranges
In this section we evaluate the wind turbine over the gamut of its wind
speed range. The expected power outputs for a DFIG wind plant over different
speed ranges is tabulated above in Table 3.2.
The time-domain model is run with the set of parameters shown in
Table 3.3. All these parameters are held constant throughout the simulation.
The time-domain model is first run with wind speed equal to 6 m/s (cut-in).
The generated real power P , generated reactive power Q and the pitch angle
are measured and tabulated in Table 3.4. The maximum available power from
the wind is also calculated and tabulated for comparison with the generated
real power. The wind speed is varied from 6 m/s to 20 m/s (cut-out) in steps
of 1m/s and the above process is repeated after each simulation.
For wind speeds greater than or equal to the rated speed, the DFIG
should give a constant power output, which is the rated power. This is ac-
complished by the pitching of the turbine blades when the wind speed goes
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Vsource Prated QgenRef
(kVrms LL) (MW) (Mvar)
138 204 20
Table 3.3: Parameter values for time-domain model to obtain the Wind Power
Curve
above rated speed. The maximum pitch has been limited to 30◦ because for
pitch angles above this value the Cp curve of the turbine causes the maximum
real power extractable from the wind to be less than the rated value. Also,
values of pitch above 30◦ would be required only for wind speeds above 20
m/s, which is the cut-off speed and is thus of no importance. This may be
seen from Table 3.4. The turbine is not run above cut-out speed, although
theoretically in can be accomplished in the simulation. In real life, the turbine
would be turned out of the wind and brakes would be applied if a similar
situation occurred.
From Table 3.4 it is seen that the experimental results from the time-
domain model closely match the theoretical results for maximum power ex-
tractable from the wind, for wind speeds below rated speed. This shows that
the real power controller is functioning optimally. The reactive power is held
virtually constant, verifying that a change in the real power output does not
cause a change in reactive power output. This hints that the real power and
reactive power control are decoupled, but this can only be confirmed if the
reactive power controller is shown to have no effect on real power output. The
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Wind Speed Measured P MPEWa Measured Q Pitch
(m/s) (MW) (MW) (Mvar) (◦)
6 20.38 20.06 19.99 0
7 31.85 31.85 19.99 0
8 47.54 47.54 20.38 0
9 67.69 67.69 19.99 0
10 92.85 92.85 19.98 0
11 123.59 123.59 19.99 0
12 160.45 160.45 19.98 0
13 204 204 19.99 0
14 204 254.79 19.98 8.81
15 204 313.38 19.99 14.07
16 204 380.33 19.98 18.47
17 204 456.19 19.99 22.31
18 204 541.52 19.98 25.76
19 204 636.88 19.99 28.92
20 204 742.83 19.99 31.86










Table 3.5: Parameter values for time-domain model to test reactive power
control
real power and pitch are plotted versus the wind speed in Figures 3.5 and 3.6
respectively.
3.2 Reactive Power Control and Less-Than-Maximum-
Power Output
In this section the effects of changes in reactive power demand on the
performance of the time-domain model are observed while keeping the wind
speed fixed at the rated value of 13 m/s. The ability of the controller to extract
less than maximum extractable power from the wind (governor action) is also
examined. The parameters shown in Table 3.5 are held constant throughout
the simulation in this section.
To simulate governor action and thus change the amount of maximum
real power extractable from the wind, the value of the parameter Pset is
changed in the Pitch Control Model (refer to Section 2.3.5). This parameter
can be changed only at the beginning of the simulation; hence true governor
action cannot be simulated. Changes later on in the simulation are observed to
have no effect on the output. For a given constant wind speed, Pset must not
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max P from wind
Figure 3.5: Wind Power Curve: Real Power (MW) vs Wind Speed(m/s)
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Figure 3.6: Pitch Angle (degrees) vs. Wind Speed (m/s) curve
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Case Pset QgenRef initial QgenRef final
(pu) (Mvar) (Mvar)
P-1 1 (204 MW) 0 -10
P-2 0.8 (163.2 MW) 0 10
Table 3.6: Changes made to reactive power demand while wind speed is held
constant for each of the two cases
be set to such a value so as to try and generate power beyond the maximum
power extractable from the wind at that fixed speed.
Two cases, Case P-1 and Case P-2 are simulated. Here “P” stands for
Performance Test. Parameter values for both cases are shown in Table 3.6.
During simulation, a steady-state is reached at 80 seconds. For each case, the
required reactive power is then changed from its initial to final value according
to Table 3.6 at time t = 90s.
For the first case, Case P-1, Pset is set equal to 1 pu, corresponding
to 100% of extractable power being extracted, which causes the wind plant
to generate real power equal to the its rated MW capacity which is 204 MW.
With the wind plant operating at this rated power output, the reactive power
demand parameter QgenRef is changed in the Reactive Power Control Model
(refer to Section 2.3.3). This case is used to determine if the reactive power
controller is working correctly and is achieving the output of demanded reactive
power. Also, if the reactive power controller’s operation is shown to have no
effect on the real power output, it shall be confirmed that the real power and
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reactive power controllers are decoupled. The output for this case is shown in
Figure 3.7.
In Figure 3.7, the real and reactive power variation for Case P-1 is
shown. The reactive power demand is changed from 0 Mvar to -10 Mvar at
time t=90s. The wind speed (and hence the real power extracted) is kept
constant. It can be seen that the change in reactive power demand causes the
reactive power controller to change the reactive power output to the desired
value, and it eventually achieves this value at time t=180s. The active power
output remains unchanged during the change in reactive power, suggesting
that the real and reactive power controllers are decoupled.
For the second case, Case P-2, Pset is set equal to 0.8 pu, corresponding
to 80% of extractable power being extracted. The expected power output of
the wind plant is 163.2 MW (80% of 204 MW). The reactive power demand
is changed once again during the simulation. This case is used to determine
if the change in Pset produces the expected reduced real power, and if the
change in reactive power (while Pset is set to less than unity) is different from
when Pset is unity. The output for this case is shown in Figure 3.8.
Figure 3.8 shows that the real power output is indeed 80% of the ex-
tractable power and therefore implies the correct operation of the governor
Pset. Again, the change in reactive power from 0 Mvar to 10 Mvar at t = 90s
is shown to have no effect on the real power output. The behavior of the real
and reactive power controllers thus remains decoupled.
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Specified values of Q Demand and Wind Speed





















Real and Reactive Power at constant wind speed 
















































Figure 3.7: Case P-1 (Pset = 1): Real and Reactive Power Output
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Specified values of Q Demand and Wind Speed





















Real and Reactive Power at constant wind speed 















































Figure 3.8: Case P-2(Pset = 0.8: Real and Reactive Power Output
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Vsource Prated QgenRef Wind Speed
(kVrms LL) (MW) (Mvar) (m/s)
138 204 0 13 (rated)
Table 3.7: Parameter values for time-domain model to test reaction to changes
in wind speed
The lower part of each of the figures shows the changes in the control
values, while the upper part of each of the figures shows the changes in out-
put real and reactive power. The output figures of both cases show that the
simulation result from the time-domain model matches the theoretical result.
Change in reactive power had no effect on the real power output in either case
and the reactive power controller was observed to be working as expected.
Thus the real and reactive power controllers are indeed decoupled.
3.3 Changes in Wind Speed
This section verifies the control action of the real and reactive power
modules for variations in the wind speed. The reactive power demand is kept
constant, Pset is set to unity and the wind speed is varied. The time-domain
model should maintain values as shown in Table 3.4. The initial values are
set according to Table 3.7. A steady-state is reached at 80 seconds. After
this changes are made shown in wind speed according to Table 3.8 and the
generated real power P is measured. If the modules are functioning correctly,
then there should be no change in the power outputs.
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Case Wind Speed initial Wind Speed final Measured P
(m/s) (m/s) (MW)
P-3 13 16 204
P-4 13 11 123.59
Table 3.8: Changes made to wind speed while reactive power demand is held
constant for each of the two cases
Figure 3.9 depicts Case P-3 wherein the real and reactive power vari-
ation during an increase in wind speed above its rated value is shown. In
the time-domain model, the wind speed is changed from 13 m/s (rated) to
16 m/s (above rated) at time t=90s. The demanded reactive output power is
kept constant. Here too, the lower part of the figure shows the changes in the
control values, while the upper part of each of the figures shows the changes in
output real and reactive power.It can be seen that the change in wind speed
caused the real power controller in the time-domain model to change the real
power output to a higher-than-rated value only briefly (a few seconds) before
the output is once again lowered to rated real power. This steady output fol-
lowing a transient is as expected, and the behavior of the model is consistent
with that of real-world DFIG wind plants.
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Specified values of Q Demand and Wind Speed



















Real and Reactive Power at constant wind speed 










































Figure 3.9: Case P-3: Effect of change in wind speed to higher than rated
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Figure 3.10 depicts Case P-4 and shows the change in real and reactive
power output when the wind speed drops from 13 m/s (rated) to 11 m/s (below
rated). The simulation of the time-domain model shows that the real power
output changes from rated power to maximum extractable power at 11 m/s





MW ). Reactive power output shows the same
behavior as in Figure 3.9. This too is similar to the behavior of real-world
DFIG wind plants.
The reactive power output in both cases remains (relatively) unchanged
during the change in reactive power, showing a variation that is an order of
magnitude smaller than the real power variation. This suggests that the real
and reactive power controllers are truly decoupled.
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Specified values of Q Demand and Wind Speed




















Real and Reactive Power at constant wind speed 








































Figure 3.10: Case P-4: Effect of change in wind speed to lower than rated
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3.4 Summary
The basic issues about the performance of the time-domain model have
been addressed in this chapter. The model was shown to provide a good ap-
proximation of real-world DFIG wind plant behavior during steady-state and
quasi-steady-state operation. The claim made in Chapter 2 that the real and
reactive power could be controlled independently has also been verified. The
next step is to study the time-domain model’s response during fault condi-
tions. The validation of the model using available fault data from an actual
wind plant is described in the next chapter.
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Chapter 4
Validation of the Time-Domain DFIG Wind
Plant Model
This chapter is also an expansion of the work done for NREL in [1]. It
also uses material from [2]. The lead for this part of the project was taken by
Mohit Singh.
The purpose of the validation process described in this chapter is to
show that the time-domain model truly behaves like a real-world DFIG wind
plant, especially during fault conditions. During steady-state and dynamic
stability conditions, the validation process proved that the time-domain model
results closely matched the real-world results.
4.1 Introduction to the Validation Process
The time-domain DFIG wind plant model was introduced and devel-
oped in Chapter 2. In Chapter 3 for the purpose of performance testing it was
connected to an infinite bus directly at the wind power plant terminals. Thus,
the responses obtained were ideal. To validate the real and reactive power
response during a fault event accurately, it is necessary to include a model of
the collector system (described in Section 4.2) used by the real world wind
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farm. The collector system model is connected at the wind plant terminals to
form a combined collector and wind plant model. The infinite bus is replaced
by a variable voltage source capable of inputting unbalanced voltages into the
combined collector and wind plant model.
The time-domain model is tested using four fault cases, Cases V-1, V-
2, V-3 and V-4. Here, “V” stands for validation. Cases V-1, V-2 and V-3
pertain to one wind farm. Case V-4 pertains to another wind farm and is
dealt with in a separate section at the end of this chapter. For each case,
data has been provided from a real-world wind power plant. This includes
actual measurements of three-phase voltages and currents at the bus where
the collector system is connected to the grid. During simulation, the reactive
power demand was set to zero for all cases. However, the real power (dependent
on the wind speed) was set to a different constant value for each case. For
validation purposes, the three-phase actual voltage data is fed into the time-
domain model using the variable voltage source during the simulation. The
resulting three-phase currents at the interconnection bus are extracted. This
extracted current data is compared with the actual current data and to see if
they match closely. A MATLAB script has been developed for the purpose of
calculating the real and reactive power flows at the bus, using
• the actual three phase voltage and current data to get one real and
reactive power dataset (dataset 1), and
• the three-phase voltage and extracted current from the time-domain sim-
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ulation to get another real and reactive power dataset (dataset 2).
The MATLAB script uses the qd0-domain calculation method described
in Section 3.1.2 to calculate real and reactive power flows through the bus using
the voltage and current at the bus. The real and reactive power datasets 1
and 2 are plotted on the same graph and compared by visual inspection. If
the match between the two datasets is good, the model is considered to be
validated. A flowchart detailing the validation process is shown in Figure 4.1.
The time-domain model was successfully validated using this process.
4.2 Collector System
A wind farm consists of wind turbines and a collector system that
channels the generated power from the turbines to a collector substation. A
transmission line then connects the collector substation to the grid. The point
where the collector system connects to the grid is known as the Point of In-
terconnection or POI. The collector system typically consists of the following
passive elements:
• Individual generator transformers (usually pad-mounted units at the
base of each turbine) that step up voltage from the below 1 kV level
at the generator to medium-voltage levels (34.5 kV is typical)
• Medium-voltage underground cables between the individual turbines










& I data and 
yields P 







Time-Domain Model: set 
Q demand to zero and 
Wind speed to the value 
at which desired steady 
state P output is achieved 
Time-Domain 
Model processes 
V data and yields I 




Inject actual Voltage and 
Time-Domain Current 
data into Matlab script
Matlab script 
processes V & I data 
and yields P dataset 2 
and Q dataset 2
Compare P 
datasets 1 & 2 and 









Do the P 





P = Real Power






Figure 4.1: Flowchart for Validation Process
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• Step-up transformer(s) at the collector substation that raise the voltage
to transmission levels
In order to accurately model the behavior of the DFIG wind plant
during fault conditions, a collector system model was included in the time-
domain model. To create the collector system model, the unit transformers
were lumped and modeled as one transformer, and the cables connecting the
turbine rows were also lumped and modeled as one impedance element. Since
the DFIG wind plant model represents an entire multi-turbine wind farm as a
single machine, the approximation of the collector system as lumped elements
is justified as it has to be connected to the terminals of this single machine.
Reactive power compensation may also be provided at the substation. The































Figure 4.2: Time-domain model: Collector system
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4.3 Steady-State Validation: Pre-fault
The correct performance of the time-domain model during steady-state
conditions must be verified before it can tested for fault conditions. As men-
tioned earlier, the actual data provided by the first wind farm contains three-
phase voltages and currents at the POI during three different fault conditions.
This data also includes about 25 ms of pre-fault voltages and currents which
represents their steady-state values. The comparison of this real world pref-
fault data with the pre-fault data obtained by simulating the time-domain
model can be used to validate the steady-state performance of the model. The
MATLAB script mentioned earlier is used to process the pre-fault voltage and
current data and get real and reactive power flows. All three cases from the
first wind farm were used for the validation. The results from the time-domain
model matched the results calculated from the actual data in each case and
the model was validated.
The pre-fault validation process is carried out in two stages (phasor and
qd0 domains) for each case. For the first stage, one cycle of pre-fault voltage
and current is extracted from the model at the POI. This is used to calculate
the pre-fault real and reactive power in the phasor-domain. Since the system is
in steady-state and the voltages are balanced, data from one phase is sufficient
to perform the calculations, as the real and reactive power contribution from
each phase is identical. This calculation requires the assumption that there
are no harmonic distortions in the current and voltage waveforms. While this
assumption is true here since the system is in steady-state, a more general and
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reliable method of calculating magnitude and phase of a signal is to perform
a Fast-Fourier Transform (FFT) on it. Results from the FFT method were
compared to those from the phasor-domain method and were found to be
almost identical. Steady-state real and reactive power was calculated using the
RMS values of voltage and current and the phase difference between the two
waveforms using calculations similar to those shown in Section 3.1.1. These
values multiplied by 3 give the three-phase pre-fault real and reactive power
of the system. These values of power in the phasor-domain give an initial
estimate of what the powers should be in the time-domain.
The next stage of the validation was to use the MATLAB script to
convert the actual data and time-domain model output data to the qd0 domain,
process the data to find real and reactive power flows, and plot them overlaid on
one another. These time-domain results are then compared with the estimate
initially calculated from the phasor-domain.
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Case V-1
For Case V-1, one cycle of the steady-state voltage and current for
phase A is shown in Figure 4.3. The figure shows that the current waveform
is leading the voltage waveform by 8.96◦. We can employ the same phasor-
domain calculations and the same sign convention used in Section 3.1.1 to
determine the real and reactive power magnitude and direction of power flow.
The sign convention used in Section 3.1.1 is to consider real and reactive power
flowing out of the wind plant model to be positive and into the wind plant
model be negative. In Figure 4.2, it can be seen that the ammeter direction
is such that current into the grid is considered positive.
The calculations for phase A may be performed as follows:
Vrms = 80.74 kV
Irms = 559.38 kA
Vphase − Iphase = −8.96
◦
Real Power = Vrms · Irms · cos(Vphase − Iphase) = 44.61 MW
Reactive Power = Vrms · Irms · sin(Vphase − Iphase) = −7.03 Mvar
Since the voltages and currents are balanced in steady-state, we can
assume that the contribution to real and reactive power from phases B and
C is the same as that from phase A. The three-phase real and reactive power
output for Case V-1 can be calculated as:
Three-Phase Real Power = 3 × 44.61 MW = 133.84 MW
Three-Phase Reactive Power = 3 ×−7.03 Mvar = −21.10 Mvar
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Figure 4.3: Case V-1: One cycle of pre-fault voltage and current data for
phase A
The results in Figure 4.4 show that the results from the actual data
and the time-domain model match each other closely, as well as matching the
estimate from the phasor-domain. The steady-state operation of the time-
domain is thus validated for Case V-1.
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P from Actual Data
P from Simulation
(a) Case V-1: Real Power Comparison: Actual vs. Time-Domain Model






















Q from Actual Data
Q from Simulation
(b) Case V-1: Reactive Power Comparison: Actual vs. Time-Domain Model




An analysis similar to that for Case V-1 is carried out for Case V-2.
One cycle of steady-state voltage and current data for phase A is shown in
Figure 4.5. The calculations are as follows:
Vrms = 81.85 kV
Irms = 477.20 A
Vphase − Iphase = −6.59
◦
Real Power = Vrms · Irms · cos(Vphase − Iphase) = 38.8 MW
Reactive Power = Vrms · Irms · sin(Vphase − Iphase) = −4.48 Mvar
The three-phase real and reactive power output for Case V-2 can once
again be calculated as:
Three-Phase Real Power = 3 × 38.8 MW = 116.4 MW
Three-Phase Reactive Power = 3 ×−4.48 Mvar = −13.45 Mvar
The results in Figure 4.6 show that the results from the actual data
and the time-domain model match each other closely, as well as matching the
estimate from the phasor-domain. The steady-state operation of the time-
domain is thus also validated for Case V-2.
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Figure 4.5: Case V-2: One cycle of pre-fault voltage and current data for
phase A
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P from Actual Data
P from Simulation
(a) Case V-2: Real Power Comparison: Actual vs. Time-Domain Model

























Q from Actual Data
Q from Simulation
(b) Case V-2: Reactive Power Comparison: Actual vs. Time-Domain Model




The same analysis was carried out for Case V-3 as well. One cycle of
steady-state voltage and current data is shown in Figure 4.7. The calculations
for phase A are as follows:
Vrms = 81.77 kV
Irms = 426.94 A
Vphase − Iphase = −8.56
◦
Real Power = Vrms · Irms · cos(Vphase − Iphase) = 34.52 MW
Reactive Power = Vrms · Irms · sin(Vphase − Iphase) = −5.20 Mvar
The three-phase real and reactive power output for Case V-3 can once
again be calculated as:
Three-Phase Real Power = 3 × 34.52 MW = 103.57 MW
Three-Phase Reactive Power = 3 ×−5.20 Mvar = −15.59 Mvar
The results in Figure 4.8 show that the results from the actual data
and the time-domain model match each other closely, as well as matching the
estimate from the phasor-domain. The steady-state operation of the time-
domain is thus also validated for Case V-3.
For each of the three cases, the real power and reactive power values
generated from the actual data and the data extracted from the time-domain
model match closely. They also match the values obtained from the phasor-
domain calculations. Thus, it can be concluded that the model is functioning
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Figure 4.7: Case V-3: One cycle of pre-fault voltage and current data for
phase A
correctly in steady-state. The operation of the model during fault time can
now be tested for each case as explained in the next section.
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P from Actual Data
P from Simulation
(a) Case V-3: Real Power Comparison: Actual vs. Time-Domain Model






















Q from Actual Data
Q from Simulation
(b) Case V-3: Reactive Power Comparison: Actual vs. Time-Domain Model




The process shown in the flowchart in Figure 4.1 is used to evaluate
the dynamic performance of the time-domain model during fault conditions.
This is repeated for each fault case.
A preliminary check is made by comparing the simulation and actual
fault voltages and currents. These waveforms of phase A for one case (Case
V-2) are shown in Figure 4.9. It can be seen that the voltages from the actual
data and the time-domain model are identical. This shows that the voltage
data is being injected correctly into the model. The DC component from the
actual voltage data needed to be removed before inputting it to the time-
domain model, in order to avoid excessive numerical oscillations. The currents
though observed to match closely, are however not identical. This may be due
to the fact that the time-domain model is a considerably simplified model of
a real-world wind plant. The other two phases for Case V-2 and also all three
phases for Cases V-1 and V-3 yielded results in which the matching between
actual data and time-domain model data was very close. The matchings are
close enough to allow us to proceed with the validation.
The next step is to generate the real and reactive power datasets 1
and 2 from calculations in the qd0 domain (refer to Figure 4.1) and plot them
together in order to compare the closeness of the match. The results are
shown for Case V-1 in Figure 4.10, Case V-2 in Figure 4.11 and Case V-3 in
Figure 4.12.
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Va from Actual Data
Va from Simulation
(a) Case V-2: Voltage Comparison for phase A during Fault


















Ia from Actual Data
Ia from Simulation
(b) Case V-2: Current Comparison for phase A during Fault
Figure 4.9: Case V-2: Voltage and Current Comparison for phase A: Actual
vs. Time Domain Model
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P from Actual Data
P from Simulation
(a) Case V-1: Real power comparison























Q from Actual Data
Q from Simulation
(b) Case V-1: Reactive power comparison
Figure 4.10: Case V-1: Comparison between actual and simulation-based real
power and reactive power during fault condition
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P from Actual Data
P from Simulation
(a) Case V-2: Real power comparison

























Q from Actual Data
Q from Simulation
(b) Case V-2: Reactive power comparison
Figure 4.11: Case V-2: Comparison between actual and simulation-based real
power and reactive power during fault condition
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P from Actual Data
P from Simulation
(a) Case V-3: Real power comparison
























Q from Actual Data
Q from Simulation
(b) Case V-3: Reactive power comparison
Figure 4.12: Case V-3: Comparison between actual and simulation-based real
power and reactive power during fault condition
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The results show that for each case, the two datasets match closely,
both in magnitude and phase. The model is therefore validated for dynamic
studies. It can now be used for fault analysis, since it approximates well the
behavior of an actual wind plant under steady-state and fault conditions.
It is to be observed that the real and reactive waveforms from the
simulation follow those from the actual data closely but not exactly. There
are some small discrepancies between the plots obtained from datasets 1 and
2. The real power plot for Case V-2 (Figure 4.11(a)) is an example of such a
discrepancy. In this plot, the power output for both datasets is very similar
for the first half of the fault duration. But halfway through the fault, the real
power from the actual data begins to lag the real power from the simulation
data and remains there till the fault time ends. Such discrepancies seen in the
plots may be due to the fact that the induction generator itself is not explicitly
modeled, and neither is the power electronic converter. Such simplifications
have been made to the time-domain model to preserve its generic nature.
4.4.1 Effect of Proportional Gain on q-axis Current PI Controller
Tuning of the parameters of the PI controllers present in the time-
domain model has an impact on the output power and therefore the wave-
forms obtained from dataset 2 (simulation). In particular, the value of the
proportional gain setting on the q-axis current (Iq cmd) PI controller has a
pronounced impact on the real power output from the time-domain model.
For example, consider the fault data from Case V-2. With a low value
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of gain (K = 2), the output response is relatively damped as can be seen in
Figure 4.13. Here, the real power calculated during the fault from the time-
domain model does not vary as much as that calculated from the actual data.
Figure 4.14 shows the improvement in matching when the gain is increased
to a high value (K = 25000). Thus, a much higher value of gain is seen to
improve the response of the controller and match the variation of the output
from the actual data. This high value was arrived at by trial and error, and
provides good matching for all the fault cases.
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P from Actual Data
P from Simulation
Figure 4.13: Case V-2: Comparison between actual and simulation-based real
power during fault condition (controller gain K = 2)
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P from Actual Data
P from Simulation
Figure 4.14: Case V-2: Comparison between actual and simulation-based real
power during fault condition (controller gain K = 25000)
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4.5 Validation of the Time-Domain DFIG Wind Plant
Model using Case V-4
Case V-4 is the case where fault data was obtained from the second
wind farm that uses DFIG turbines. This data was recorded using line-current
differential relays on the high side of the main step-up transformer at the
collector substation. The data was accessed using standard relay software on
a desktop connected to the wind company’s network. The resolution of this
data was 4 points/cycle. Interpolation was carried out to achieve the much
higher resolution of 128 points/cycle. This data was then used to validate the
time-domain model.
The wind farm has a rated real power of 100 MW. The turbines have a
rated wind speed of 14.5 m/s. The cut-in and cut-out speeds are 3.5 m/s and
25 m/s respectively. The individual turbine pad-mount transformer ratings as
well as the ratings and lengths of all the conductors in the collector system were
obtained. These were used to calculate a single equivalent lumped pad-mount
transformer rating and lumped collector system impedance. The pad-mount
transformers step up the turbine voltage from 575 V to the collector bus voltage
of 34.5 kV. The main step-up transformer at the collector sub-station steps
up the voltage from 34.5 kV to the transmission voltage of 138 kV. All these
parameters were entered into the time-domain model shown in Figure 4.15.
Similar to the other cases, the time-domain model was run until the
system reached a steady-state. The fault voltage was then injected at the ter-






























Figure 4.15: Time-domain model for Case V-4
The voltage and current were extracted from the model and compared with
the wind farm’s data.
The steady-state or pre-fault real and reactive power are compared
first. One cycle of the steady-state voltage and current for phase A is shown
in Figure 4.16. These are used to perform phasor-domain calculations to obtain
the real and reactive power.
The calculations for phase A may be performed as follows:
Vrms = 81.85 kV
Irms = 127.04 A
Vphase − Iphase = −4.9
◦
Real Power = Vrms · Irms · cos(Vphase − Iphase) = 10.36 MW
Reactive Power = Vrms · Irms · sin(Vphase − Iphase) = −0.887 Mvar
Since the voltages and currents are balanced in steady-state, we can
assume that the contribution to real and reactive power from phases B and
C is the same as that from phase A. The three-phase real and reactive power
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Figure 4.16: Case V-4: One cycle of pre-fault voltage and current data for
phase A
output for Case V-1 can be calculated as:
Three-Phase Real Power = 3 × 10.36 MW = 31.08 MW
Three-Phase Reactive Power = 3 ×−0.887 Mvar = −2.66 Mvar
Figure 4.17 shows that the results from the actual data and the time-
domain model. The pre-fault real power results match each other closely, as
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P from Actual Data
P from Simulation
(a) Case V-4: Real Power Comparison: Actual vs. Time Domain Model





















Q from Actual Data
Q from Simulation
(b) Case V-4: Reactive Power Comparison: Actual vs. Time Domain Model
Figure 4.17: Case V-4: Pre-fault Real and Reactive Power Comparison: Actual
vs. Time Domain Model
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well as matching the estimate from the phasor-domain. The pre-fault reactive
power generated in the simulation is has a much larger amplitude than that
from the wind farm. However, its average value matches the pre-fault reactive
power from the wind farm as well as the estimate from the phasor-domain.
The steady-state operation of the time-domain is thus validated for Case V-4.
As with the other cases, the dynamic performance of the time-domain
model during fault conditions is evaluated using the process shown in the
flowchart in Figure 4.1.
The simulation and actual fault voltages and currents are first compared
as a check. The fault voltage and current waveforms of phase A are shown in
Figure 4.18. The voltages from the actual data and the time-domain model are
identical. Thus, the voltage data is being inputted correctly into the model.
The DC component from the actual voltage data was removed before inputting
it to the time-domain model, in order to avoid excessive numerical oscillations.
The currents are seen to match closely but are not exactly identical; this may
be due to the fact that the time-domain model is a considerably simplified
model of a real-world wind plant. The other two phases for Case V-4 also
yielded results in which the matching between actual data and time-domain
model data was very close. These close matchings allow us to proceed with
the validation.
The real and reactive power during the fault are calculated in the qd0
domain using the MATLAB script from the simulation and actual data. They
are compared as shown in Figure 4.19.
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Va from Actual Data
Va from Simulation
(a) Case V-4: Voltage Comparison for phase A during Fault





















Ia from Actual Data
Ia from Simulation
(b) Case V-4: Current Comparison for phase A during Fault
Figure 4.18: Case V-4: Voltage and Current Comparison for phase A: Actual
vs. Time-Domain Model
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P from Actual Data
P from Simulation
(a) Case V-4: Real power comparison
























Q from Actual Data
Q from Simulation
(b) Case V-4: Reactive power comparison
Figure 4.19: Case V-4: Comparison between actual and simulation-based real
power and reactive power during fault condition
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The results show that for the real power, the two datasets match closely,
both in magnitude and phase. The reactive power datasets however, have
discrepancies in the magnitude. This can be attributed to the simplifications
made to the time-domain model. Thus, the validity of the model has been
established for Case V-4 as well. This proves once again that the time-domain
model provides a good approximation of the behavior of an actual wind plant
under steady-state and fault conditions.
4.6 Summary
This chapter described the validation of the developed time-domain
model under four different fault conditions. The model was validated for each
case, and the response of the model closely approximated that of a real world
DFIG wind farm in each case, both during steady-state and fault conditions.
The validation process is thus complete and the time-domain model is ready
for use for fault studies.
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Chapter 5
Validation of the Positive Sequence DFIG
Wind Plant Model
The time-domain model of a wind farm has been discussed in detail in
the previous chapters. This chapter explores the phasor-domain or positive-
sequence model of the same wind plant. This model is built completely in
Simulink. The following sections describe the differences between both these
models. The phasor-domain model is subjected to performance tests to val-
idate its steady state operation. Fault analysis is then carried out using the
model. The phasor-domain model results are found to match the actual wind
farm results to a good extent.
5.1 The Phasor-Domain DFIG Wind Turbine Model
The phasor-domain model has the same building blocks as the time-
domain model. That is, it has generator, converter control, wind turbine and
pitch control sub-systems that are combined to give the complete model. There
are however, a few differences. The voltage input to the system is assumed to
be balanced and that only the positive sequence component is present. Hence,
the phasor domain model is also called the positive squence model. The system
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can hence be simplified and represented as a single-phase system rather than
the three-phase time-domain system. All the quantities from the time-domain
model are accordingly scaled down. The sub-systems used in this model are
exactly the same as the time-domain model, except for the generator sub-
system. Also, the collector system model is a single-phase equivalent of the
three-phase collector system.
5.1.1 Generator Model in Phasor-Domain
The generator sub-system here is completely different as compared to
that of the time-domain model. There are no calculations in the qd0 reference
frame as all quantities are single-phase phasors in this model. Like the time-
domain generator model, this model does not include any mechanical state
variables for the machine rotor. The quick response of the commands from the
converter control sub-system are incorporated by eliminating all flux dynamics
from this model [8]. The generator is finally modeled as a controlled-current
source that injects the current required by the grid in response to control
signals from the real and reactive power control blocks. All the signals in
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Figure 5.1: Generator sub-system in the phasor-domain model
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The generator model receives the Eqcmd and Ipcmd command signals
from the reactive power control and real power control sub-systems respec-
tively. Both these signals are held constant for a given time-step by their
respective subsytems in response to the demanded reactive and real power.
These signals are passed through low-pass filters that represent the fast elec-
tronic control system and high frequency components are eliminated. The
Eqcmd signal is similar to the Id cmd command signal in the time-domain
model. It is the voltage that is required to generate the demanded reactive
power. This voltage is divided by the generator’s effective equivalent reac-
tance Xeq to give the Y-axis component of the required current Iy as shown
in Figure 5.1. Similarly, the Ipcmd signal is similar to the Iq cmd signal in
the time-domain model. It represents the X-axis component of the current Ix
required by the system. There is a phase-locked loop included to synchronize
the rotor currents with the stator. The real and imaginary components of the
voltage at the wind farm terminals V term are used to determine delta = δ, the
rotor operating angle. In the steady state, the X-axis of the current is aligned
with V term. Once Ix and Iy are obtained, they are transformed into real






















The real and imaginary parts of the current are finally combined to give
the total current Isorc. Isorc is then fed as a control input into a controlled
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current source (not shown in the figure) which converts it into a proportional
current and feeds it to the collector system. All feed-back signals (voltage,
real and reactive power, etc) in the complete positive-sequence model are con-
verted into per-unit and then processed. They are therefore multipied by their
respective base values before being displayed or injected into the system. The
total apparent power S of the system is obtained by the phasor equation:
S = V term · Isorc = (V termre + iV termim) · (Ire − iIim) (5.2)
= (V termre · Ire − V termim · Iim) + i(V termre · Iim + V termim · Ire)
The real power P is defined to be the real part of S and the reactive power Q
is defined to be the imaginary part of S. Thus
P = V termre · Ire − V termim · Iim (5.3)
Q = V termre · Iim + V termim · Ire (5.4)
The generator model developed here is connected to the other sub-
systems as described in Chapter 2 to form the complete positive sequence
model. This model is tested in the following sections.
5.2 Performance of the Phasor-Domain Model
The positive-sequence model is subjected to exactly the same tests as
the time-domain model. The same initial conditions and inputs are applied and
the results are exactly the same as obtained in Chapter 3. Here too, The wind
farm is connected to an ideal source. The difference is that the voltage of this
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source is equal to the per-phase voltage of the time-domain ideal voltage source
i.e 79674 Vrms. The results obtained show that the phasor-model provides a
good approximation of real-world DFIG wind plant behavior during steady-
state and quasi-steady-state operation. They also show that the real and
reactive power controls are decoupled.
5.3 Validation of the Phasor-Domain Model
The dynamic response of the positive-sequence model during fault con-
ditions is studied in this chapter. A single phase collector system is connected
to the wind farm terminals for this purpose. A controlled voltage source is
connected at the other end of this collector system. This voltage source inputs
voltage in rms values into the system.
The phasor-model is tested using a single fault case; Case V-2 from the
time-domain model study. The real world voltage data for this case is available
in rms values as well as true values. These rms values are injected into the
phasor-model using the variable voltage source. The base voltage at the wind
farm terminals in the time-domain model was 575 Vrms Line-to-Line. Thus,
here in the phasor-domain model, the single-phase voltage base at 332 Vrms.
The power base is 204 MW. This together with the voltage base causes the
current base to be 204 MW332 Vrms = 614.46 kA. This multiplication factor for the
current is shown in Figure 5.1. Here too, the reactive power demand was set to
zero and the real power available was set to a fixed value. The model reaches
steady state after around 60 seconds. The fault is then applied at 70 seconds
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and lasts for about 0.27 seconds. During simulation, the model calculates the
real and reactive power using Eqn. 5.3. These values are then extracted into
MATLAB and plotted against the power calculated from the actual data using
the time-domain equations. The results are shown in Figure 5.2
The results show that there is a reasonable degree of matching be-
tween the real power waveforms from the actual data and the positive-sequence
model. It can be seen though, that during the first half of the fault, the real
power waveform from the actual data leads that of the model by a small
amount. Whereas, during the next half of the fault, the real power waveform
from the actual data lags that of the model. This may be due to the simplifi-
cation done to the model to keep it generic by eliminating flux dynamics, etc.
Also, there is a severe discrepancy in magnitude and phase between the reac-
tive power waveforms from the actual data and the positive-sequence model.
The magnitude of the reactive power waveform from the actual data is around
five times greater than that of the model throughout the fault. Along with the
simplification of the model, this maybe due to the simplification of the reactive
elements in the collector system. Thus, during faults, this positive-sequence
model is good for analysis of real power only. The three-phase time-domain
model from the previous chapters is clearly a much more accurate model than
this single-phase phasor-domain model.
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P from Actual Data P from + Seq Model
(a) Positive-sequence model real power comparison


















Q from Actual Data Q from + Seq Model
(b) Positive-sequence model reactive power comparison
Figure 5.2: Comparison between actual and positive-sequence model-based
real power and reactive power during fault condition
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5.4 Summary
This chapter described the modeling of the positive-sequence model
of the DFIG-based wind turbine farm. The differences between this phasor-
domain model and the time-domain model were discussed. The model was
tested to be a good approximation of an actual wind plant during steady-stae
and quasi-steady-state operation. Dynamic testing showed that the model is
only good for real power analysis during faults. The time-domain model has
therefore been shown to be a more accurate model as it approximates an actual





Referral of Rotor Quantities to the Stator
Voltage equations of the following form are obtained for the rotor side
of the induction machine from Figure 2.2(b):




where the subscript j can be either a, b or c.
Each of the quantities in Eqn. A.1 is referred to the stator side to give
a new set of voltage equations as follows. All parameter symbols are the same
as in Chapter 2, Section 2.1.1.






















































To refer rotor flux linkages to the stator, a little more effort is required.
































Lasas Lasbs Lascs Lasar Lasbr Lascr
Lbsas Lbsbs Lbscs Lbsar Lbsbr Lbscr
Lcsas Lcsbs Lcscs Lcsar Lcsbr Lcscr
Laras Larbs Lascs Lasar Lasbr Lascr
Lbras Lbrbs Lbscs Lbsar Lbsbr Lbscr








































































































Lms Lls + Lms

 , (A.7)













































































































































· Lmr = Lms (A.14)






































































Using Eqns. A.12 and A.15, Eqn. A.5 can be rewritten with all terms



















Therefore using Eqns. A.2, A.3, A.4 and A.16, the rotor voltage equa-
tion (Eqn. A.1) can be rewritten with all terms referred to the stator as












To simplify calculations, quantities in the stationary abc reference frame
of the stator of an induction machine are often converted into equivalent quan-
tities in other reference frames. This is because if the reference frame chosen
is rotating at synchronous speed, then the time-varying quantities in the sta-
tionary abc frame become time-invariant in this synchronous reference frame.
This conversion process is described below.
Let the following currents be flowing in the three-phase stator windings
shown in Figure B.1:
ias = Imax · cos (ωt + θa) (B.1)
ibs = Imax · cos
(





ics = Imax · cos
(






-θa is the initial phase of the wave
-ω is the electrical angular velocity
-Imax is the amplitude of the sinusoidal wave













Figure B.1: abc stationary axes and αβ stationary axes on an induction ma-
chine
currents. They would be along the fixed abc axes as shown in Figure B.1 and
expressed as follows:
Has = Hmax · cos (ωt + θa) ∠0 = Has(t)∠0 (B.4)
Hbs = Hmax · cos
(











Hcs = Hmax · cos
(











Note these are time varying phasors fixed in space. However, the to-
tal magnetic flux intensity obtained by adding the phasors above gives us a




Hmax∠(ωt + θa) (B.7)
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Thus, ω is also the constant speed of the rotating magnetic flux. Note the
magnitude of this resultant total flux (3
2
Hmax) is also constant in time. This
rotating flux is subjected to the Clarke Transformation [7], which resolves it
into components along two fixed, mutually-perpendicular axes called the α and















































A factor of 2
3
can be included in the above equation for scaling purposes. The
inverse of matrix [Tabc2αβ0] is used to transform quantities from the αβ frame
back to the abc frame in what is called the Inverse Clarke Transform.
This rotating flux in the stationary αβ frame reduces complications
in analysis, but the quantities such as inductance etc. are still time-varying.
Therefore, to completely solve this problem, a new reference frame rotating
at the speed of the rotating flux ω is defined as the qd0 reference frame. Its
position is measured by the time-varying angle θq measured from the positive
α axis as shown in Figure B.2.
As the speed of the rotating flux and the qd0 frame is the same, the
position of the rotating flux is fixed with respect to the q- and d-axes. This








Figure B.2: qd0 rotating axes and αβ stationary axes
q- and d-axes, thus making the quantities time-invariant with respect to the






















The total transform from the stationary abc frame to the rotating qd0 frame


































Equation B.11 can be used to convert any quantity like voltage, etc.
from the abc frame to the qd0 frame. However, care must me taken to use the
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appropriate quantity ω while performing the conversions. It is in this qd0 frame
that all the processing of signals from the model is done. The required reference
current signals are generated and then using inverse transforms converted back
into the abc frame as has been explained in the Chapter 2.
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